Abstract: Vegetable production in greenhouses is preferred when soil quality is degraded by high salinity or incidence of pests and diseases. In these soils with abiotic and biotic issues, it is a challenge to increase the yield and quality of fruits. The use of rootstocks and organic substrates are effective and environmentally friendly techniques to solve that challenge. The objective was to study the effect of rootstocks on yields and quality in bell peppers (Capsicum annuum L.) grown in either soil or coconut fiber substrate, in greenhouses. Using a randomized block design with three repetitions, the resulting treatment groups consisted of three rootstocks (Foundation-F1, Yaocali-F1, CLX-PTX991-F1 (Ultron), and non-grafted controls) with four hybrids as scions (Lamborghini, Bambuca, DiCaprio, and Ucumari). The yield of fruit per plant (YFP) and number of fruit per plant (NFP) obtained in coconut fiber were 85% and 55% greater, respectively, than in soil. The CLX-PTX991-F1 rootstock was superior to the hybrids without rootstock (p ≤ 0.05) in YFP and NPF (30% and 19.5%, respectively). The Lamborghini hybrid had significantly greater YFP and NFP than the Ucumari. We concluded that the use of coconut fiber significantly improves the yields of bell pepper and that the use of rootstock improves plant vigor and plant yield.
Introduction
Currently, the human population is growing at an exponential rate, and consequently, the demand for food grows proportionally while the usable space for agricultural production diminishes as urban settlements grow. Mexico is no exception to this and the challenges of the global agricultural industry focus on developing new technologies that increase yields per unit of area and improve the quality of the resulting products. One of those technologies is grafting, a propagation technique that consists of joining one plant to another that is already rooted. A grafted plant consists of a rootstock that generally has no intrinsic agronomic value, but carries valuable biotic [1] or abiotic [2] resistance and tolerance genes, and the scion, which is a piece of stem or bud that is joined to the rootstock so that branches, leaves, flowers, and fruits develop [3] .
Plant grafting has its beginning in Asia, in the 1920s. Currently, in countries such as Japan and South Korea, the use of grafting is increasing [4, 5] . The industry of greenhouse vegetables shows similar tendencies across the globe [6] . Watermelon, melon, cucumber, and tomato, among others, are grafted onto rootstocks with tolerance or resistance to soil pathogens [7, 8] . The original purpose of plant grafting was to avoid diseases caused by soil parasites and pathogens, such as Verticillium, Fusarium, Phytophthora, Ralstonia, and Nematodos [9, 10] . In actuality, grafting can also be used to mitigate abiotic stress [11, 12] , increase yields, improve fruit quality, and extend harvest times, as well as reduce agrochemical applications [13, 14] and improve the commercial quality of crops [15, 16] , as it is effective at preventing soil-borne diseases and pests [17] . In eggplant, the rootstock used induced notable vigor and better yield [18, 19] , the latter of which favors the global reduction of dependency on synthetic agrochemicals [1] . As such, vegetable grafting represents a viable route [20] to ecologically friendly production. The importance of grafting is recognized in agricultural circles worldwide, as it is a very clean and effective technique whose use involves zero environmental impact when compared with commonly used soil treatments [1] . It has also been adopted as a safe and ecologically friendly means of production as it minimizes the need for chemical treatments against soil-borne pests and pathogens, and consequently reduces the absorption of undesirable agrochemical residues [5] .
In previous reports from Mexico, grafts were used in poblano pepper using Crole Morelos-344 rootstock to counteract the effects of Phytophthora capsici, managing to reduce the incidence of the disease to 1%, allowing production even in areas of high incidence [21] . The same was seen with jalapeños, cayenne, and chilaca chilies [22] . The use of this technique with commercial varieties of bell pepper could significantly reduce the losses caused by P. capsici by up to 100% [23, 24] . The use of grafting also increases yields by up to 50% [25, 26] , resulting in increased commercial yields [11] . Yield increases of up to 35% [17, 27] and a 35% increase in the quality of exported tomatoes [16] have both been reported for grafted tomato. López et al. [28] reports increases of over 25% in fruit yield, with the use of abiotic stress tolerant rootstocks, making it a good adaptation strategy for abiotic stress conditions [29] . The selection of rootstock is incredibly important for improving the quality of the plants and the commercial quality of the fruit [30] , as such there must exist sufficient compatibility between the rootstock and scion [6] . The benefits of using rootstocks in chili peppers is clear, however, and given the rise in popularity of the technique, it has become necessary to test all the different commercially available rootstocks. This must be done in order to find the combination of rootstock-scion capable of both satisfying the production volumes demanded by cultivators and meeting market quality requirements. To that end, the objective of the present study was to determine the effect of using three commercial rootstocks on the yield and fruit quality of four bell pepper hybrids.
Materials and Methods

Plant Material and Growth Conditions
Foundation F1 (Rijk Zwaan, De Lier, Holanda; has a powerful root system, size compact variety, and high generative power), Yaocali F1 (Enza Zaden, Enqhuizen, Holanda; has abundant root system, tolerance to Phytophthora, and salinity), and CLX-PTX991 F1 (Harris Moran, CLAUSE. SA. Rue Louis Saillant ZI La Motte 26800 Portes-Les-Valence France) were the three bell pepper rootstocks selected, while the four hybrid bell pepper scions, type blocky, were Lamborghini F1 (Rijk Zwaan); Bambuca F1 (Rijk Zwaan) yellow fruit, sizes L and XL, and thick walls; Dicaprio F1 (Enza Zaden) yellow fruit, sizes L and XL, and tolerant to cracking; and Ucumari F1 (Enza Zaden) orange fruit, sizes L and XL, thick walls and long shelf life. The experiment was conducted in a greenhouse with a wet wall and extractors for climate control and 30% shade belonging to the Universidad Autónoma Agraria Antonio Narro (UAAAN 
Graft Technique and Sowing of Plant Material
Rootstock and hybrid F1 scion seeds were sown in 200 cell polystyrene propagation trays with a 70:30 peat moss/perlite mix for germination. The hybrid scions were sown on 5 March 2017. The rootstock seeds were sown three days later in order to synchronize the stem diameters. Thirty-five days after sowing, when plants had reached a stem diameter of 2-2.4 mm, rootstocks and scions were joined by splice grafting [31] . The stems of rootstock and scion were cut at 45 • with a new blade disinfected with 70% ethyl alcohol. Cut rootstock and scion stems were joined with 2.5 mm silicon clips to provide support. The workspace was kept at 22-28 • C, 80-90% relative humidity, and all grafting was done on tables disinfected with 50-ppm bleach. Grafted plants were kept in a grafting chamber at 22-25 • C, 80-90% relative humidity. For the first 48 h, they were kept in total darkness to avoid cellular oxidation at the union site, and to favor the process of cicatrization and graft joining. The following six days (24 h/day) were normal day-night cycles. Afterwards, the grafted plants were taken to the greenhouse (18-28 • C, 79-90% relative humidity) for adaptation and acclimatization.
Greenhouse Rooting in Soil and Coconut Fiber
The plants were transplanted 20 days after grafting. The silicon clips were kept on to provide support. Both grafted hybrids and non-grafted hybrids were grown in coconut fiber (the real density of coconut fiber was 1.48 g cm −3 and 76% for water retention capacity; total porous space was 92%; regarding chemical characteristics, the pH was 5.2 and the electrical conductivity of the saturation extract ranged from 1.5 to 2 dS m −1 ) grow bags, with 15 cm between plants. They were also grown in soil, with 2.78% organic matter, pH 8.06, 43.7 ppm of phosphorus, 312 ppm of potassium, Ca 3101 ppm, Mg 375 ppm, Na 137 ppm, Fe 22.5 ppm, Zn 6.3 ppm, Mn 3.04 ppm, Cu 0.41 ppm, B 1.68 ppm, S 22.4 ppm, and N-NO3 70.5 ppm. In a microbiological analysis, Fusarium spp., Alternaria spp., Phytium spp., hytophthora spp. and Rizoctonia spp. were found. Their seedlings were also grown in raised soil beds with black plastic padding, with 30 cm distance between plants and 25 cm between doubled rows. In both cases, the distance between furrows was 1.80 m, resulting in a calculated plant density of 36,000 plants per hectare. The spatial distribution of the plants in the two culture media was different, because they are cultivated in this way in Mexico, in soil or coconut fiber. In both cultivation systems, the first experimental factor is the growth substrate (coconut fiber or soil), the rootstocks (Foundation F1, Yaocali F1, CLX-PTX991 F1 (Ultron), and non-grafted hybrid controls) are the second factor, and the hybrid scions (Lamborghini F1, Bambuca F1, Dicaprio F1, and Ucumary F1) are the third factor, yielding a 2 × 4 × 4 experimental design matrix.
During the 2017 spring-summer cycle, the experiment was set up in a completely randomized block design with three replicates. Each experimental unit consisted of four completely competent plants with two viable stems per plant. Standard cultivation procedures were followed. Steiner nutrient solution [32] was utilized in both cultivation sites for localized watering. In soil or coconut fiber, 1.5 L of water per day was applied in each adult plant. The watering schedule was as follows: 50% Steiner solution at the beginning of cultivation, 75% at 30 days after transplanting, and 100% upon initiation of flowering and fruiting until the end of the cycle. Salt drainage was promoted by overwatering by 20%. Weekly applications of 15.3% spirotetramat, 23.1% spiromesifen, 17% imidacloprid plus 12% cyfluthrin (1 mL/L), and 90% methomyl (1 g/L) were used to control thrips and white flies.
Measurement of Fruit Yield Parameters
The yield of fruit per plant (FYP) was estimated by weighing all the fruit from the four plants in each replicate on a SARTORIUS TS 1352Q37 digital balance and dividing that measurement by the number of plants considered. There were 11 harvests made, the first 90 days after transplanting, where only fruit with greater than 60% coloration was collected. Following weighing, the collected fruits were counted in order to estimate number of fruits per plant (NFP) harvested from each experimental unit, taking into account the 11 harvests made throughout the cultivation cycle. The average fruit weight (AFW) was calculated by dividing the total fruit weight per repetition by the total number of fruits. The equatorial diameter (ED), fruit length (FL), and mesocarp thickness (MT) were estimated by measuring eight fruits per repetition at random from three harvests made 21 days apart after 18 August, with Autotec ® digital Vernier calipers (Anyi Instrument Co. Ltd., Guilin, Guangxi, China).
Morphological Variable Measurement
The plant height (PH) was measured in four plants per useful plot, leaf length (LL) and leaf width (LW) were measured in four fully developed leaves, from each plant of the useful plot. The leaves were chosen at random, 50 cm above the ground, with a measuring tape marked in centimeters. The main stem diameter (SD) was measured in four plants per useful plot, at 5 cm above the ground, with Autotec ® digital Vernier calipers.
Fruit Quality Measurement
Total soluble solid content was measured with an Atago N-1E ® refractometer (National Industrial Supply, Temecula, CA, USA), and expressed in • Brix. Fruit firmness was evaluated with a FT-327 Fruit Pressure Tester penetrometer (max. capacity 13 kg) with a 3 mm point. The content of vitamin C was determined according to the official methodology of the Association of Official Agricultural Chemists (AOAC) [33] and expressed as milligrams of vitamin C per 100 g of fresh weight fruit (mg 100 g −1 ).
Statistical Analysis
In the present study, the variables chosen for study (substrate, rootstock, and scion) gave rise to a 2 × 4 × 4 trifactorial (three way analysis of variance (ANOVA)) experimental design, with 32 treatments set up in a completely randomized block design with three repetitions. The data were statistically analyzed with SAS 9.1 (SAS Institute Inc., Cary, NC, USA) software and the means were compared with Tukey's test.
Results
Evaluation of Both Cultivation Systems (Coconut Fiber and Soil)
Yield Parameters
The FYP and NFP of bell pepper plants grown in coconut fiber were 85% greater (statistical significance, p ≤ 0.05) than those of plants grown in soil ( Table 1 ). The choice of cultivation system did not affect AFW, but did affect other fruit parameters. Plant height was 29% greater; leaf length and width were 23% and 7.8% greater, respectively; and main stem thickness was 23% greater in the coconut-fiber-grown plants (Table 1) . There was significant interaction between cultivation system and rootstock in the fruit length. Table 2 shows that the length of the fruit obtained from each rootstock had a significantly different behavior in each culture system studied. (Table 3) .
Among cultivation systems and rootstock, a significant interaction (p ≤ 0.05) was observed in the stem thickness. The three rootstocks had similar stem thickness when they were developed in coconut fiber, however, the thickness of the stems developed in soils was very contrasting, especially the Foundation F1 rootstock, which had a poor soil behavior ( Table 4 ).
The interaction between the variety and rootstock in the width of the leaf, shows that this characteristic was different in each variety and changes significantly among the rootstocks studied (Table 5) . 
Fruit Quality
With respect to the fruit quality parameters evaluated, neither vitamin C content, total soluble solids, nor fruit firmness were affected by choice of cultivation substrate (Table 3) .
Rootstock Evaluation
Yield Parameters for Rootstocks and Non-Grafted Hybrids
The use of rootstocks Yaocali F1 y CLX-PTX991 F1 resulted in a significant increase (p ≤ 0.05) in FYP. The CLX-PTX991 F1 rootstock excelled, demonstrating a 30% average increase over the non-grafted hybrids, though its performance was statistically equivalent to the other rootstocks. The NFP also increased significantly (19.5%, p ≤ 0.05) with CLX-PTX991 rootstock, compared with non-grafted hybrids. AFW increased with the use of the Yaocali F1 rootstocks by 21.6% and 19.9%, respectively, compared with the fruit from non-grafted hybrids, which also exceeded 19.7% in the AFW obtained with the rootstock Fundation F1.
Only Yaokali was significantly different from non-grafted plants for PH, LL, and LW (see Table 4 ), so not all the rootstocks were superior as stated by authors. The Yaocali rootstock stood out amongst the others, promoting increases in PH (12.2%), LL (8.8%), LW (6.4%), and ST (13.7%), as compared with non-grafted hybrids (Table 6 ). 
Morphological Variables in Grafted and Non-Grafted Plants
The use of the Yaocali rootstock also resulted in significant increases (p ≤ 0.05) in fruit length compared with non-grafted hybrids (5.5%) and the Foundation-grafted hybrids (11%) and in 8.4% compared with the rootstock CLX-PTX991 F1. FED and MT parameters were not significantly affected by the use of rootstock (Table 7) . Vit. C = vitamin C; TSS = total soluble solids; FF = fruit firmness; ± = standard deviation.
Fruit Quality in Grafted and Non-Grafted Plants
Vitamin C and FF of the fruit were not significantly affected by grafting or rootstock (Table 7) . Non-grafted hybrids demonstrated a significant increase (Tukey, p ≤ 0.05) in total soluble solids (TSS) content (11.6%) as compared with the quantity observed in CLX-PTX991 rootstock.
Hybrid Scion Evaluation
Hybrid Scions Yield Parameters
The Lamborghini F1 and Dicaprio F1 hybrids displayed statistically significant increases (p ≤ 0.05) in FYP (32.9%) and NFP (21.9%). Bambuca F1 was also superior to Ucumari to FYP with 22%. With respect to the parameters of AFW (>16.3%) and plant height, the Dicaprio hybrid was significantly taller (>14%) than the Ucumari hybrid. Although, in leaf length and width, the Lamborghini hybrid presented with the highest differences (8.4% and 7.1%, respectively) over the Ucumari F1 hybrid. However, Ucumari and Dicaprio were statistically equal in LW and ST (Table 8) . VC = variation coefficients; FYP = fruit yield per plant in grams; NFP = number of fruits per plant; AFW = average fruit weight; PH = plant height; LL = left length; LW = leaf width; ST = stem thickness; ± = standard deviation.
Hybrid Scion Morphological Variables
With regard to FL, and FED, the Dicaprio hybrid was significantly superior to the Ucumari F1 307 and Lamborghini F1. The thickness of the mesocarp was statistically similar between all four chosen 308 hybrids (Table 9 ).
Hybrid Scion Fruit Quality
The vitamin C content in the Ucumari F1 hybrid-an orange-colored bell pepper-was greater than 17.3% (p ≤ 0.05), as compared with the Bambuca F1 hybrid, which produces yellow fruit.
The content of Vit. C of Lamborghini F1 also exceeded the Bambuca F1 hybrid by 16.2%. This tendency was seen again in the TSS content, as the Ucumari F1 hybrid exceeded Bambuca F1 by 34.2%. As for fruit firmness, Ucumari F1 and Lamborghini F1 were statistically equivalent to each other, both surpassing Bambuca F1 by 4.7%, ( Table 9 ). 
Discussion
The 85% improvement in FYP, NFP, FED, and MT was a result of the increased plant vigor seen in the coconut-fiber-grown plants, which also demonstrated greater plant height, leaf length and width, and stem thickness. The overall better plant development can be attributed to the physicochemical characteristics of the substrate, such as the gas exchange rate, water retention capacity, porous space, pH, apparent density, cationic exchange capacity, and nutrient availability, which provide better growth conditions than those found in agricultural soils [34, 35] . It has been demonstrated that, depending on the nature of the substrate, they can influence to a greater or lesser extent the complex process of mineral nutrition in plants, and favor the development and final yield of plants [36, 37] . The use of different growth substrates in protected cultivation also provides the potential to reduce supplied mineral nutrients by 25-50% without affecting the final yield [36] . Cultivation on 100% coconut fiber has the added benefit of significantly increasing the dry biomass of leaves, stems, and roots [38] . The significant differences between rootstocks demonstrate that although they all improve the hybrid scions' characteristics, each rootstock has variations in their genetics and the vigor they show in their environmental interactions, which they transmit to their grafted scions. The larger values in FYP, NFP, and AFW are because the grafted plants were more vigorous than their non-grafted counterparts. The 20% increase in NFP in CLX-PTX991-grafted plants was thanks to this increased vigor and the greater carrying capacity it confers. Their final yields also reflected this increase because the yield is determined by the number of harvested fruits per unit of area and their individual sizes [39] . The increases in average fruit weight and fruit length of up to 21.6% and 5.5%, respectively, from using the Yaocali F1 or CLX-PTX991 F1 rootstocks, can be attributed to the overall greater plant growth and development that they promote [25] , indicated by the 20% and 6.5%, respectively, increases in each parameter. Given the vigor that rootstock cultivars generally possess, frequently characterized by more efficient water and nutrient absorption [5, 29] , similar results are reported for grafted cucumber [40] and grafted tomato [17] , as well as a 30% increase in dry biomass production and greater accumulation of mineral elements in the aerial parts of the plant [41] . Our recorded yield increases were only slightly higher than the 25% increase reported by Lopez et al. [28] , and less than the up to 50% yield increases described by Muñoz et al. [42] and Sánchez et al. [25] for bell pepper. The latter result was achieved with the Facinato and Janette hybrids grafted onto the Terreno F1 rootstock. Taken together, these results indicate that grafting onto rootstock could be a viable technique for sustainable horticulture in the future. Other reports of improving bell pepper yields through grafting [43, 44] suggest that the robustness of the rootstock could be a result of greater salt tolerance, which allows an increase in commercials yields [11] . Previous studies with grafted tomato have reported a 30% [17] , and up to 35% [27] , yield increase, as well as a reduction in the incidence of disease. Improved vigor due to rootstock grafting was also evident in the values observed for plant height, leaf length, leaf width, and stem thickness. All of those morphological characteristics translate into a greater capacity for assimilation, absorption, and nutrient transport through the rootstock roots up to the sites of high demand when they are greater than normal [13, 45, 46] .
The fruit quality parameters such as FED, MT, vitamin C content, and fruit firmness were not affected by the use of different rootstocks. As such, it can be inferred that the environment negligibly affects them or that the greenhouse environment did not exert sufficient pressure to induce significant changes in the grafted scions. Sánchez et al. [25] , who affirm that neither fruit firmness nor total soluble solid content are affected by rootstock grafting, reported similar results. Regardless, the environmental pressure was sufficient to induce smaller fruit size and greater TSS content in non-grafted hybrid bell pepper plants. The increase in vitamin C content is consistent with the 33% increase in grafted tomatoes [47] , which indicates that environmental root modifications favor its accumulation and subsequent expression in fruit quality. Conversely, it has been [13] reported that TSS content and titratable acid content are not affected by rootstock grafting, although this could be an indication that some fruit quality parameters are affected more by the foliar area, not the root system [48] , even though these same parameters increase in the presence of osmotic stress [49] or mycorrhizas [15] . As it stands, finding the ideal combination of rootstock and scion that both increases yields and the commercial quality of the fruit is not an easy task, especially in the face of an ever-growing market demand and consumer demand for higher nutritive quality food products.
The significant interactions between cultivation system and rootstock or cultivation system and graft are inferred to be due to genetic differences in the rootstocks or grafts, which provide differences in the ability to adapt to each of the farming systems. Leaf width was affected significantly by the rootstockand variety interaction, because of genetic differences that can induce changes in root or stem characteristics, and mobilize different amounts of water and mineral salts, which are reflected in morphological or anatomical changes of the plant.
Among the bell pepper hybrids chosen as the scions, there are strong genetic differences that were fortified by the vigor of the used rootstocks. After comparison of the scion figures for FYP and NFP, the Lamborghini, Dicaprio, and Bambuca hybrids exhibited the greatest genetic potential for yield and yield parameters, compared with the Ucumari hybrid. The selection of the vegetative material for commercial production is vitally important, as that is what assures optimal production and success of the agricultural project. The lack of interaction between the hybrid scion and cultivation substrate or rootstock suggests that the genetics of the chosen hybrid have a greater effect on fruit quality parameters, as supported by investigators [48] , who report the scion genotype as having greater influence than the rootstock.
Conclusions
The use of coconut fiber as the cultivation substrate allows for significant increases in bell pepper fruit yields when compared with soil-based production.
The vigor and tolerance to abiotic and biotic stresses conferred by the use of bell pepper rootstocks led to yield increases of up to 30% when compared with cultivation of non-grafted bell pepper.
In order to achieve high yields of bell pepper fruits, the use of genetically superior rootstock varieties with proven vigor and tolerance to abiotic and biotic stresses,] as well as scions with strong genetic potential for high yields, is essential. In the present study, the CLX-PTX991 rootstock and the Lamborghini F1, Dicaprio F1, and Bambuca F1 hybrid scions emerged as the best candidates.
Interactions between rootstocks and grafts, as well as culture systems, induce different responses, in morphological characteristics or performance components. Therefore, it is necessary to find compatible genotypes to achieve the best fruit yields.
The lack of interaction between the graft and rootstocks suggests that the genetics of the chosen hybrid have a greater effect on the quality parameters of the fruit, since these were not affected by the rootstock.
The highest yield of fruit in the plants grown in coconut fiber, is inferred was due to the greater vigor of these plants, manifested by the greater height of the plant, length and width of the leaf and thickness of the stem. These characteristics favor a greater capacity of assimilation of light, absorption and transport of nutrients through the roots of the rootstocks to places of high demand.
